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Ñâåðõòîíêàÿ ñòðóêòóðà ìþîíèÿ

Ìþîíèé - ïðîñòåéøåå, ÷èñòî ëåïòîííîå ñâÿçàííîå ñîñòîÿíèå (µ+ e−).

Ëåïòîíû ëèøåíû âíóòðåííåé ñòðóêòóðû.

Òåîðåòè÷åñêîå èçó÷åíèå èíòåðâàëîâ òîíêîé è ñâåðõòîíêîé ñòðóêòóðû äîñòèãëî
î÷åíü âûñîêîé òî÷íîñòè. Òî÷íîñòü ðàñ÷åòà ÷èñòî ÊÝÄ âêëàäîâ îïðåäåëÿåòñÿ óæå
ïîïðàâêàìè α7 − α8.

Íà ïðîòÿæåíèè ìíîãèõ äåñÿòèëåòèé ìþîíèé áûë è îñòàåòñÿ îäíîé èç íàèáîëåå
ïîäõîäÿùèõ äëÿ ïðîâåðêè êâàíòîâîé ýëåêòðîäèíàìèêè, Ñòàíäàðòíîé ìîäåëè
(ÑÌ) è ïîèñêà ôèçè÷åñêèõ ÿâëåíèé çà ïðåäåëàìè ÑÌ.

Ñâåðõòîíêàÿ ñòðóêòóðà îñíîâíîãî (1S) ñîñòîÿíèÿ ìþîíèÿ

Ýêñïåðèìåíòàëüíîå èçìåðåíèå ñâåðõòîíêîé ñòðóêòóðû (ÑÒÑ) â ìþîíèè:

W. Liu, M. G. Boshier, S. Dhawan, O.

Dyck, P. Egan, X. Fei et al. Phys. Rev.
Lett. 82, 711 (1999)

∆νhfsexp (1S) = 4 463 302 765(53) Ãö, δ = 1.2 · 10−8

S. Kanda, Y. Fukao, Y. Ikedo et al., Phys. Lett. B

815, 136154 (2021)
∆νhfsexp (1S) = 4463.302(4) ÌÃö

S. Nishimura, H. A. Torii, Y. Fukao et al.

(MuSEUM Collaboration), Phys. Rev. A 104,
L020801 (2021)

∆νhfsexp (1S) = 4463301.61(0.71) êÃö

Òåêóùåå òåîðåòè÷åñêîå ïðåäñêàçàíèå:

M. Eides, Phys. Lett. B 795, 113 (2019) ∆νhfstheor(1S) = 4 463 302 873(515) Ãö, δ = 1.3 · 10−7
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Ñâåðõòîíêàÿ ñòðóêòóðà ìþîíèÿ
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Ñâåðõòîíêàÿ ñòðóêòóðà ìþîíèÿ

Íîâûé ýêñïåðèìåíò ïî èçìåðåíèþ ÑÒÑ ìþîíèÿ òðåáóåò óâåëè÷åíèÿ òî÷íîñòè
òåîðåòè÷åñêîãî ðàñ÷åòà

R. Iwai et al. Precise measurement of the hyper�ne splitting in muonium with a high intensity pulsed muon

beam at J-PARC, J. Phys. Conf. Ser. 2462, 012019 (2023)

Êîëëàáîðàöèÿ MuSEUM (J-PARC) (Ýêñïåðèìåíò ïî ñïåêòðîñêîïèè ìþîíèÿ ñ
èñïîëüçîâàíèåì ìèêðîâîëíîâîãî èçëó÷åíèÿ) ñòàâèò ïåðåä ñîáîé öåëü òî÷íî èçìåðèòü
ñâåðõòîíêîå ðàñùåïëåíèå îñíîâíîãî ñîñòîÿíèÿ àòîìîâ ìþîíèÿ. Â íàñòîÿùåå âðåìÿ
ïëàíèðóåòñÿ áîëåå òî÷íî îïðåäåëèòü ÷àñòîòó ïåðåõîäà ñ òî÷íîñòüþ äî 1 ppb
(∆ ≈ 5 Ãö).

Ïîãðåøíîñòü òåîðåòè÷åñêîãî ðàñ÷åòà ÑÒÑ îñíîâíîãî ñîñòîÿíèÿ

M. Eides, arXiv:2510.07281v1 [hep-ph] 8 Oct 2025

∆νhfstheor(1S) = ∆νQED +∆νweak +∆νhadr +∆νth.

∆νth - ñóììàðíàÿ îöåíêà íåâû÷èñëåííûõ âêëàäîâ.

∆νhfstheor(1S) = 4 463 302 873 (515) (70) (2) Ãö

(515): ïîãðåøíîñòè ýêñïåðèìåíòàëüíîãî çíà÷åíèÿ
mµ

me
.

(2): ïîãðåøíîñòü îïðåäåëåíèÿ êîíñòàíòû α.

(70): ïîãðåøíîñòü îò íåâû÷èñëåííûõ âêëàäîâ.
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Ñâåðõòîíêàÿ ñòðóêòóðà ìþîíèÿ

Íîâûé ýêñïåðèìåíò ïî èçìåðåíèþ ÑÒÑ ìþîíèÿ òðåáóåò óâåëè÷åíèÿ òî÷íîñòè
òåîðåòè÷åñêîãî ðàñ÷åòà

R. Iwai et al. Precise measurement of the hyper�ne splitting in muonium with a high intensity pulsed muon

beam at J-PARC, J. Phys. Conf. Ser. 2462, 012019 (2023)

Êîëëàáîðàöèÿ MuSEUM (J-PARC) (Ýêñïåðèìåíò ïî ñïåêòðîñêîïèè ìþîíèÿ ñ
èñïîëüçîâàíèåì ìèêðîâîëíîâîãî èçëó÷åíèÿ) ñòàâèò ïåðåä ñîáîé öåëü òî÷íî èçìåðèòü
ñâåðõòîíêîå ðàñùåïëåíèå îñíîâíîãî ñîñòîÿíèÿ àòîìîâ ìþîíèÿ. Â íàñòîÿùåå âðåìÿ
ïëàíèðóåòñÿ áîëåå òî÷íî îïðåäåëèòü ÷àñòîòó ïåðåõîäà ñ òî÷íîñòüþ äî 1 ppb
(∆ ≈ 5 Ãö).

Ïîãðåøíîñòü òåîðåòè÷åñêîãî ðàñ÷åòà ÑÒÑ îñíîâíîãî ñîñòîÿíèÿ

M. Eides, arXiv:2510.07281v1 [hep-ph] 8 Oct 2025

∆νhfstheor(1S) = ∆νQED +∆νweak +∆νhadr +∆νth.

∆νth - ñóììàðíàÿ îöåíêà íåâû÷èñëåííûõ âêëàäîâ.

∆νhfstheor(1S) = 4 463 302 873 (515) (70) (2) Ãö

(515): ïîãðåøíîñòè ýêñïåðèìåíòàëüíîãî çíà÷åíèÿ
mµ

me
.

(2): ïîãðåøíîñòü îïðåäåëåíèÿ êîíñòàíòû α.

(70): ïîãðåøíîñòü îò íåâû÷èñëåííûõ âêëàäîâ.

Ñòð. 3 èç 17



Âêëàä ∆νweak ñëàáîãî âçàèìîäåéñòâèÿ â ÑÒÑ ìþîíèÿ
Îäíîáîçîííûé îáìåí

Z - áîçîííûé îáìåí

M. A. B. Beg and G. Feinberg,

Phys. Rev. Lett. 33, 606 (1974)

V. V. Starshenko and R. N.

Faustov, Moscow University
Physics Bulletin 38, No.3, 55
(1983)

M. I. Eides, Phys. Rev. A 53,

2953 (1996)

Âêëàä ïîëÿðèçàöèîííîãî îïåðàòîðà â
ïðîïàãàòîð γ, γ Z

Âêëàä âåðøèííûå ïîïðàâîê â γ è Z îáìåíå

Âåðøèííàÿ ïîïðàâêà â γ îáìåíå ó÷òåíà â
ÀÌÌ ëåïòîíà.

Äâóõáîçîííûé îáìåí ñ Z γ è W W

T. Asaka, et al.,

arXiv:1810.05429v1
[hep-ph]
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Îäíîáîçîííûé Z îáìåí

Âåðøèíà âçàèìîäåéñòâèÿ Z áîçîíà ñ ôåðìèîíîì ΓZff :

Γµ
Zff = Gf

V γµ +Gf
Aγµγ5 =

ie

sin 2θW
γµ

[
2T 3

f

(1− γ5)

2
− 2Qf sin2 θW

]
Ïðîïàãàòîð Z áîçîíà â êóëîíîâñêîé êàëèáðîâêå:

U. D. Jentschura, Phys. Rev. A 101, 062503 (2020)

Dµν
Z (k) =

1

k2 −M2
Z

[
gµν +

1

2

(fµkν + fνkµ)

k2 +M2
Z

]
, f = (−k0,k)

Ïîòåíöèàë ñâåðõòîíêîãî âçàèìîäåéñòâèÿ â êîîðäèíàòíîì ïðåäñòàâëåíèè:

∆Uhfs
V (r) = −

2G2
V

3m1m2

[
δ(r)−

M2
Z

4πr
e−MZr

]
(σ1σ2)

4
,

∆Uhfs
AV (r) = −

2G2
A

3πr
(1 +

MZr

4
)e−MZr (σ1σ2)

4

Âêëàä â ñâåðõòîíêîå ðàñùåïëåíèå îñíîâíîãî ñîñòîÿíèÿ ìþîíèÿ:

∆Ehfs
AV = −GF

√
2µ3α3

π
(1− 7µα

3MZ
) = −64.8827 Hz, EF = 8µ3α4

3m1m2
,

∆Ehfs
V = −

µMZGF

2
√
2π

(1− 4 sin2 θW )2EF = −3.1505 Hz
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Ïîëÿðèçàöèîííûé îïåðàòîð â ïðîïàãàòîðå ôîòîíà

+ + +

Ïðè âû÷èñëåíèè âêëàäà W áîçîííîé ïåòëè â
ïðîèçâîëüíîé Rξ êàëèáðîâêå íåîáõîäèìî ó÷èòûâàòü
âêëàäû ïåòåëü îò íåôèçè÷åñêèõ êàëèáðîâî÷íûõ
áîçîíîâ: ïñåâäîãîëäñòîóíîâñêèõ áîçîíîâ (ϕ) è äóõîâ
(ω).

Îáùàÿ ñòðóêòóðà àìïëèòóäû âçàèìîäåéñòâèÿ â Ôåéíìàíîâñêîé (ξ = 1) êàëèáðîâêå:

Tγγ = [ū1Γ
αu1]

gαµ

k2
Pµν
γγ (k2)

gνβ

k2

[
v̄2Γ

βv2
]

Âêëàä â ïîëÿðèçàöèîííûé îïåðàòîð èìååò ñòðóêòóðó, ñîäåðæàùóþ ïðîäîëüíóþ è
ïîïåðå÷íóþ ÷àñòü:

Pµν
γγ (k2) =Pµν

γγ,WW (k2) + Pµν
γγ,Wϕ(k

2) + Pµν
γγ, ϕϕ(k

2) + Pµν
γγ, ωω(k

2) =(
gµν −

kµkν

k2

)
A(k2) +

kµkν

k2
B(k2)

Ïðîäîëüíóþ è ïîïåðå÷íóþ ÷àñòè ìîæíî âûðàçèòü ÷åðåç àìïëèòóäó ïåòëè â âèäå:

A(k2) =
1

3
Pµν
γγ (k2)

(
gµν −

kµkν

k2

)
B(k2) = Pµν

γγ (k2)
kµkν

k2
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Äèñïåðñèîííûé ìåòîä âû÷èñëåíèÿ A(k2), B(k2)
Ñòðóêòóðû àìïëèòóäû W -áîçîííîé ïåòëè:

Pµν
γγ,WW =

∫
dp

(2π)4
Γµαβ
γWW

gαα′

p2 −M2
W

Γνα′β′

γWW

gββ
′

(p− k)2 −M2
W

Äèñïåðñèîííûé ìåòîä - íàäåæíûé èíñòðóìåíò âû÷èñëåíèÿ ðàäèàöèîííûõ ïîïðàâîê â
êâàíòîâîé òåîðèè ïîëÿ

V. B. Berestetskii, E. M. Lifshitz, and L. P. Pitaevskii, Quantum Electrodynamics, Volume 4.

"Ðàçðåçàåì" äèàãðàììó ïî ëèíèÿì ïðîìåæóòî÷íûõ ÷àñòèö. Ìíèìàÿ ÷àñòü
ïîëÿðèçàöèîííîãî îïåðàòîðà îïðåäåëÿåòñÿ ñêà÷êîì:

2i ImPµν(k2) = DiscPµν(k2)

Âû÷èñëÿåì ñêà÷îê ïóòåì çàìåíû ïðîïàãàòîðîâ ïðîìåæóòî÷íûõ ÷àñòèö:

1

(p2 −M2
W )

→ (−2πi)δ+(p2 −M2
W ),

1

(p− k)2 −M2
W

→ (−2πi)δ+((p− k)2 −M2
W ).

è äàëüíåéøèì èíòåãðèðîâàíèåì ïî ïåòëåâîìó èìïóëüñó (ε2 = p2 +M2
W )

δ+(p2 −M2
W )δ+((p− k)2 −M2

W ) =
δ
(
p0 − k0

2

)
2k0

δ(ε− p0)

2ε
,

∫
dp = 4π

∫
dp0dε|p|ε
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Äèñïåðñèîííûé ìåòîä âû÷èñëåíèÿ A(k2), B(k2)
Â ðåçóëüòàòå âû÷èñëåíèÿ ìíèìûõ ÷àñòåé ImA(k2) è ImB(k2) äëÿ ñóììû àìïëèòóä
ïîëó÷àåì ÷èñòî ïîïåðå÷íóþ ñòðóêòóðó ïîëÿðèçàöèîííîãî îïåðàòîðà

ImAγγ(t) =
α

2

√
t− 4M2

W

t

(
3

2
t+ 2M2

W

)
, ImBγγ(t) = 0, t = k2

Äëÿ âîññòàíîâëåíèÿ ïîëíîé ôóíêöèè A(k2) èñïîëüçóåì äèñïåðñèîííîå ñîîòíîøåíèå ñ
äâóìÿ âû÷èòàíèÿìè:

Aγγ(t) =
t2

π

∞∫
4M2

W

dt′
ImAγγ(t′)

t′2(t′ − t)
=

α

2π
t2

∞∫
1

(3 + 1
ξ2

)
√

ξ2 − 1dξ

ξ2(k2 + 4M2
W ξ2)

, ξ =
t′

4M2
W

H. M. Nussenzveig, Causality and dispersion relations, Academic Press, NY, 1972.

Èñïîëüçîâàíèå äèñïåðñèîííîãî ñîîòíîøåíèÿ ñ äâóìÿ âû÷èòàíèÿìè ñîîòâåòñòâóåò
ðåãóëÿðèçàöèè ïîëÿðèçàöèîííîãî îïåðàòîðà, êîòîðûé îïðåäåëÿåòñÿ ðàñõîäÿùèìñÿ
èíòåãðàëîì P̄ (t)

P̄ (t) =
1

π

∞∫
4M2

W

dt′
ImA(t′)

(t′ − t)
, P (t) = P̄ (t)− P̄ (t = 0)− tP̄ ′(t = 0)

Âû÷èòàòåëüíûå êîíñòàíòû îòâå÷àþò ãðàíè÷íûì óñëîâèÿì P (t = 0) = 0, P ′(t = 0) = 0.
Ñòð. 8 èç 17



Âêëàä W - áîçîííîé ïåòëè â ñâåðõòîíêîå ðàñùåïëåíèå

îñíîâíîãî ñîñòîÿíèÿ ìþîíèÿ

Äàëüíåéøåå âû÷èñëåíèå âêëàäà â ÑÒÑ îñíîâíîãî ñîñòîÿíèÿ ìþîíèÿ

Âû÷èñëÿåì ïîòåíöèàë ñâåðõòîíêîãî ðàñùåïëåíèÿ ïî ôåéíìàíîâñêîé àìïëèòóäå

∆V hfs
γγ (k) =

8πα

3m1m2
(s1s2)

α

2π

∞∫
1

k2

(k2 + 4M2
W ξ2)

(3 + 1
ξ2

)
√

ξ2 − 1

ξ2
dξ

Âûïîëíÿåì ïðåîáðàçîâàíèå Ôóðüå â êîîðäèíàòíîå ïðåäñòàâëåíèå:

∆Uhfs
γγ (r) = −

8α

3m1m2

α

2π
(s1s2)

∞∫
1

ργγ(ξ)
[
πδ(r)−

M2
W ξ2

r
e−2MW ξr

]
dξ

ργγ(ξ) =

√
ξ2 − 1

ξ4
(3ξ2 + 1).

×èñëåííûé âêëàä â ñâåðõòîíêîå ðàñùåïëåíèå îò àìïëèòóäû ñ W - áîçîííîé
ïåòëåé:

∆Ehfs
γγ = −EF

µα2

2πMW

(
13π

8
−

17µα

5MW

)
= −1.2192 Hz.
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Âêëàä ïîëÿðèçàöèîííîãî îïåðàòîðà â Zγ ïðîïàãàòîð
W -áîçîííàÿ ïåòëÿ

+ + +

Àíàëîãè÷íûé âêëàä âîçíèêàåò ïðè ðàññìîòðåíèè
ïîëÿðèçàöèîííîãî îïåðàòîðà ñ W - áîçîííîé ïåòëåé
â ñëó÷àå àìïëèòóä ñ îáìåííûì ôîòîíîì "ñâåðõó" è
Z áîçîíîì "ñíèçó".
Êàê è ðàíåå â Ôåéíìàíîâñêîé êàëèáðîâêå
íåîáõîäèìî ó÷èòûâàòü âêëàä ïåòåëü
ïñåâäîãîëäñòîóíîâñêèõ áîçîíîâ (ϕ) è äóõîâ (ω).

Äèñïåðñèîííîå ñîîòíîøåíèå â ñëó÷àå Zγ

Ãðàíè÷íûå óñëîâèÿ: PZγ(0) = 0, PZγ(M
2
Z) = 0.

H. M. Nussenzveig, Causality and dispersion relations, Academic Press, NY, 1972.

PZγ(t) =
t(t−M2

Z)

π

∞∫
4m2

ImPZγ(t
′)dt′

(t′ − t− i0)t′(t′ −M2
Z)

ãäå m - ìàññà ÷àñòèöû â ïåòëå. Äëÿ ïåòëè ñ W áîçîíîì M2
Z/4m2 < 1.

Âû÷èòàíèÿ äëÿ ðåãóëÿðèçàöèè ïîëÿðèçàöèîííîãî îïåðàòîðà çàïèñûâàþòñÿ â âèäå:

PZγ(t) = P̄Zγ(t)− P̄Zγ(0)−
t

M2
Z

(
P̄Zγ(M

2
Z)− P̄Zγ(0)

)
.

P̄Zγ(t) =
1

π

∞∫
4m2

ImPZγ(t
′)dt′

(t′ − t− i0)
,
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Âêëàä ïîëÿðèçàöèîííîãî îïåðàòîðà â Zγ ïðîïàãàòîð
W -áîçîííàÿ ïåòëÿ

Ìíèìàÿ ÷àñòü ïîëÿðèçàöèîííîãî îïåðàòîðà

ImAZγ =
α

2

√
t− 4M2

W

t

[
t

12
(19 cot θW + tan θW ) +

2

3
M2

W (4 cot θW + tan θW )

]
,

ImBZγ =
α

2

√
t− 4M2

W

t

[
−

t

2
cot θW +M2

W (cot θW − tan θW )

]
.

Ïîòåíöèàë â êîîðäèíàòíîì ïðåäñòàâëåíèè

∆Uhfs,V
Zγ, W,ω,ϕ(r) = −

2α2

9πm1m2

ρ1(1− 4 sin2 θW )

sin 2θW
(s1s2)

∞∫
1

ρ̃Zγ(ξ)
[
πδ(r)−

M2
W ξ2

r
e−2MW ξr

]
dξ,

ρ̃Zγ(ξ) =

√
ξ2 − 1

ξ2

(ξ2 +
2ρ2)
ρ1

(ξ2 − κ2)
, ρ1 = (19 cot θW+tan θW ), ρ2 = (4 cot θW+tan θW ), κ2 =

M2
Z

4M2
W

.

×èñëåííûé âêëàä â ñâåðõòîíêîå ðàñùåïëåíèå

∆Ehfs,V
Zγ, W,ω,ϕ−loops

= −EF
α2µρ1

24MW κ4

(1− 4 sin2 θW )

sin 2θW
×[

κ2
(
2
√

1− κ2 +
2ρ2

ρ1
− 2
)
+ 4

ρ2

ρ1
(
√

1− κ2 − 1)
]
= 0.3586 Hz .
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Âêëàä ïîëÿðèçàöèîííîãî îïåðàòîðà â Zγ ïðîïàãàòîð
Ôåðìèîííàÿ (e, µ, τ, c, b, t) ïåòëÿ

Âêëàä â ïîòåíöèàë ñâåðõòîíêîãî ðàñùåïëåíèÿ

∆Uhfs
Zγ,f−loop(r) =

8|Qf |αNc(1− 2|Qf | sin2 θW )

3m1m2 sin 2θW
(s1s2)×

α

3π

∞∫
1

ρZγ(ξ)dξ

(
πδ(r)−

m2
f ξ

2

r
e−2mf ξr

)
, ρZγ(ξ) =

√
ξ2 − 1

ξ2

(ξ2 + 1
2
)

(ξ2 − κ2
1)

, κ1 =
MZ

2mf
.

Äëÿ e, µ, τ, c, b ïåòåëü κ1 = MZ
2mf

> 1, ïîýòîìó èíòåãðàë ïî ξ ïîíèìàåòñÿ â ñìûñëå
ãëàâíîãî çíà÷åíèÿ.

Äëÿ t êâàðêîâîé ïåòëè κ1 = MZ
2mf

> 1 ⇒ èíòåãðàë ïî ξ íå èìååò ïîëþñà.

×èñëåííûé âêëàä â ñâåðõòîíêîå ðàñùåïëåíèå

∆Ehfs
(e,µ,τ ;c,b)

=

−EF
|Qf |α2µ(1−2|Qf | sin2 θW )

2mf sin 2θW

(3κ2
1+2)

κ4
1

∆Ehfs
(t)

= EF
|Qt|α2µ(1−2|Qf | sin2 θW )

2mt sin 2θW κ4
1[

κ2
1(4
√

1− κ2
1 − 3) + 2(

√
1− κ2

1 − 1)
]
.

∆Ehfs
f−loop =



−0.00001 Hz, e− loop

−0.0020 Hz, µ− loop

−0.0343 Hz, τ − loop

−0.1140 Hz, c− quark loop

−0.4377 Hz, b− quark loop

−0.6768 Hz, t− quark loop
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Âåðøèííàÿ àìïëèòóäà ZWW

Äàííàÿ àìïëèòóäà òàêæå ìîæåò áûòü âû÷èñëåíà
äèñïåðñèîííûì ìåòîäîì. Âåðøèíà âçàèìîäåéñòâèÿ Z áîçîíà
ñ W W ñîäåðæèò âåêòîðíóþ è àêñèàëüíóþ - âåêòîðíóþ ÷àñòè

Γσ
ZWW = γσ(1− γ5)FZWW (t),

FZWW (t) =
(t−M2

Z)

π

∞∫
4M2

W

ImFZWW (t′)dt′

(t′ −M2
Z)(t′ − t− i0)

,

Îñíîâíîé âêëàä, êàê è â ñëó÷àå îäíîáîçîííîãî îáìåíà îïðåäåëÿåòñÿ âåêòîðíîé ÷àñòüþ
àìïëèòóäû:

∆Uhfs
V,ZWW (k) =

α2 cot2 θW (1− 4 sin2 θW )

m1m2 sin 2θW

σ1σ2

4

∞∫
1

√
ξ2 − 1dξ

(ξ2 − M2
Z

4M2
W

)

[
1−

4ξ2M2
W

k2 + 4M2
W ξ2

]
.

∆Ehfs
V,ZWW = EF

3µMWα2 cot2 θW (1− 4 sin2 θW )

2 sin 2θWM2
Z

(
1−

√
1−

M2
Z

4M2
W

)
= 0.1392 Hz.
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Äâóõáîçîííûå îáìåíû

Ïðÿìàÿ àìïëèòóäà äâóõáîçîííîãî îáìåíà

M□γZ
dir

=
α2

π2 sin2 2θW

∫
d4kTr

[
Π̂∗Γν (p̂1 − k̂ +m1)

(k2 − 2m1k0)
γµΠ̂Γλ (−p̂2 − k̂ +m2)

(k2 + 2m2k0)
γσ

]
×

1

(k2 −M2
Z)

[
gµλ +

1

2(k2 +M2
Z)

(fµkλ + fλkµ)

]
Dνσ

γ (k),

Âû÷èñëåíèå âêëàäà â ñâåðõòîíêîå ðàñùåïëåíèå

Ïðîåêöèîííûå îïåðàòîðû íà ñîñòîÿíèÿ (µ+ e−) ñ ïîëíûì ñïèíîì S = 0, 1

Π̂S=0,1 =
(1 + γ0)

2
√
2

ε̂(γ5),

ãäå ε̂ âåêòîð ïîëÿðèçàöèè ñïèíà.

Ïðîïàãàòîð Z áîçîíà âûáèðàåòñÿ â êóëîíîâñêîé êàëèáðîâêå

Èíòåãðèðîâàíèå ïî ïåòëåâîìó èìïóëüñó âûïîëíÿåòñÿ ïåðåõîäîì â åâêëèäîâî
ïðîñòðàíñòâî k0 → ik0, k2 → −k2:∫

d4k = 4π

∫
k3dk

π∫
0

sin2 ϕdϕ, k0 = k cosϕ, |k| = k sinϕ.
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Äâóõáîçîííûå îáìåíû
Áîêñ - àìïëèòóäû ñ Z è γ

∆Ehfs
□Zγ

= EF
m1m2α

8πm2
Z sin2 2θW (a22 − a21)

{
4a1a2 ln

a1

a2
+ (1− 2az)

2

[
(15 + 36 ln 2)(a21 − a22) + 36a22 ln a2 − 36a21 ln a1

]}
, ∆Ehfs

□Zγ
= −0.0380 Hz

∆Ehfs
□ZZ

= −EF
9αm1m2(1− 2az + 2a2z)

2

8π sin4 2θWM2
Z[

1 +
15(a41 ln

a1
2

− a42 ln
a2
2
)

32(a21 − a22)
+

47(a21 + a22)

108

]
= −0.0403 Hz

Ïàðàìåòðû a1 = 2m1/mZ , a2 = 2m2/mZ , az = 2 sin θW .

Áîêñ - àìïëèòóäû ñ W W

∆Ehfs
□WW

= −
µ3α5

(
32 ln 2− 361

15

)
12πM2

W sin4 2θW

∆Ehfs
□WW

= −0.1026 Hz
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Ðåçóëüòàòû

Ñóììàðíûé âêëàä èññëåäîâàííûõ àìïëèòóä ñëàáîãî âçàèìîäåéñòâèÿ â ñâåðõòîíêîå
ðàñùåïëåíèÿ îñíîâíîãî ñîñòîÿíèÿ ìþîíèÿ

∆Ehfs
weak, tot(1S) = −64.8827︸ ︷︷ ︸

AV ÷àñòü 1Z îáìåíà

−5.2390 Hz = −70.1217 Hz.

F.A. Martynenko, A.P. Martynenko, K.A. Seredina, e-Print: 2603.04026 [hep-ph]

Ñðàâíåíèå ñ ðàáîòàìè äðóãèõ àâòîðîâ

1Z îáìåí (AV ÷àñòü)

Íàø ðåçóëüòàò:
−64.8827 Ãö

M. I. Eides, Phys. Rev. A 53, 2953 (1996)

−0.065 103 Ãö

Áîêñ àìïëèòóäû

Íàø ðåçóëüòàò:
−0.1809 Ãö

T. Asaka, et al., arXiv:1810.05429v1 [hep-ph]

( −160︸ ︷︷ ︸
2 boson

+(−2.8︸ ︷︷ ︸
SE

+ 0.4︸︷︷︸
V ert

)10−2) 10−3 Ãö
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Ñïàñèáî çà âíèìàíèå!
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